For the heat loss of frequency converter in 50KW class medium-frequency electron magnetic induction steam generator system, this study explored a new solution for inverter cooling and waste heat recovery, which solved the problem of coolant temperature rise while replacing the cooling water, meanwhile recovered part of the waste heat for re-production. The heat dissipation of the power device is simulated to analyze the rationality of the heat dissipation system structure, and the thermal resistance equivalent circuit is established to realize the accurate calculation of the temperature at each point in the system. Experimental research under different environmental temperatures, power, and total cooling water conditions has been done to test and verify its function, the findings show that the designed heat dissipation system for the medium frequency induction heating power supply device works well, which makes the temperature of all pivotal devices converge to normal operating temperature range and increases the energy efficiency of the system by about 4%. The proposed cooling scheme is suitable for promotion in heating projects with high power equipment.
As the core of power conversion and transmission, switch devices (IGBT, etc.) with high-frequency and large-power were widely used in such applications as smart power grids, aerospace, new energy equipment, and so on [1] . The work of them produce large heat which lead to temperature rise VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ themselves, therefore, the performance of the heat dissipation system plays an important role in the stability and reliability of the IGBT [2] , [3] . For switching devices, larger power means higher frequency and more self-produced heat, thus excellent performance of heat dissipation systems is needed to decrease temperature rise and to avoid overheat [4] . Shanbin Wang introduced the heat loss calculation method of IGBT, and analyzed the influence of different modulation methods on the heat loss of IGBT through comparison experiments [5] . The thermal network is often used for thermal management analysis of power electronic equipment, Daohui Li introduced the generation principle of thermal network and its application to monitor the junction temperature of power devices, and realized co-simulation of thermoelectricity [6] . The numerical simulation method is usually used to simulate and analyze the high-power device, and the simulation model can be built to simulate and analyze the temperature and the mechanical stress of whole IGBT module, it can help to understand the working state of IGBT more intuitively, and it provides a theoretical basis for the design of the cooling system [7] [8] [9] . Xin Yang established a prediction model for the lifetime of IGBT, and introduced its prediction method of IGBT lifetime. Among them, temperature is one of the key factors affecting the lifetime of IGBT [10] .
Generally, the heat dissipation scheme of the frequency converter adopts either forced water cooling or forced air cooling, even combination of both of them [11] . For the converter where water cooling scheme is concerned, if the total circulating water mismatches the heat, the temperature of the circulating water will gradually increase while it works continuously, which will detract the performance of the cooling system, thereby affecting the reliability and life of the power device [12] . Hung et al. [13] and his team studied the thermal management system of multiple heat sources. By controlling the coolant flow rate to meet the heat dissipation requirements of different heat sources, the heated coolant is converged to the heat exchanger and cooled by a highpower fan, this scheme partially solved the cooling water heating problem, but it need to reserve space for the axial flow fan, and the effect is limited, it does not suitable for the heat dissipation system of high-power devices. Xue et al. [14] studied the cooling system based on electric compressors, and used the electric compressor to cool the heated coolant, this method effectively solved the temperature rise of the coolant, but more production costs and operating costs must be pay for it. This paper presents a cooling solution for waste heat recovery. This solution achieves a win-win situation in improving the performance of the heat dissipation system and energy saving by replacing the cooling water and recycling it. This cooling system has advantages of high heat dissipation capability, simple structure, low operating cost and improvement of energy efficiency of the system. The scheme is applied to the electromagnetic induction heating steam generator system, and the comparative experiment is proved with different power, ambient temperature and total cooling water, at the same time, analysis has been done according to obtained data. The traditional schemes of waste heat recovery collected waste heat and used it in other ways [15] , [16] , but the cooling scheme mentioned allows waste heat to be recovered in a separate system and can be internalized into a product, which directly increases the energy efficiency of the system. The solution is applicable to some small and medium-sized distributed power equipment in heating projects.
II. COOLING SYSTEM DESIGN
The frequency converter discussed in this paper refers to the medium frequency electromagnetic induction heating power supply unit, which converts the three-phase electricity of 380V and 50Hz to AC power of 20KHz by rectifying and inversion. Fig. 1 shows the main circuit topology diagram of a medium frequency induction heating power supply unit. The series resonance is adopted, and the main heat source is a rectifier bridge module, two IGBT modules (forming an H-bridge), an induction coil (the coil is a hollow metal tube with circulating cooling water), and the absorption resistor (not shown in Fig. 1 , corresponding to the absorption resistors in Fig. 2, Fig. 7 , and Fig. 8 , respectively) connected in parallel between the G and E poles of the IGBTs respectively [17] .
The geometry structure and thermal performance of the radiator are critical to improve the thermal management of cooling systems [18] , [19] . Fig. 2 shows the basic structure of the cold plate and the layout of the power device. The power device is attached to the cooling plate, and each absorption resistor is connected to the control board by two pins, keeping certain distance from board to prevent from overheating. Table I gives the parameter settings which will be used in our machine.
The cooling scheme of the frequency converter is shown in Fig. 3 . The normal temperature industrial water (T 1 ) links with cooling tank by auto water supply mechanism, which provides water for both the steam generator and the cooling system, and the water loops between cooling system and the tank. When the equipment works, the loop water brings heat produced by frequency converter to the water tank where silicone grease and cold plate exchange heat between heat source device and loop water. While the steam generator works, the cooling water temperature in the tank will rise (T 3 to T 2 ), and the performance of the cooling system will gradually decline. On the other hand, the water consumption of the steam generator makes its water level decline. When the water level drops to a certain value, the hot water in the cooling tank will be pumped into the steam generator, thus the recovered heat from frequency converter can be used to produce steam. Then industrial water will flow into the cooling water tank, so that the temperature of the tank will drop (T 2 to T 3 ) and the performance of the cooling system will recover.
Here, the water tank mainly serves as a buffer, both for water and heat. In fact, the cooling system keeps continuous flow of cooling water to take away the heat produced by power devices; thus, the overheating of power devices is avoided, and the performance of cooling system is guaranteed. On the other hand, when the steam generator consumes a certain amount of water, it needs replenish water from the cooling water tank which is hot now for it absorbed heat from power devices. In the traditional frequency convertor equipment, either forced water cooling or forced air cooling scheme is designed just for dropping the temperature of power devices to protect them. However, for the special application of steam generation, the scheme presented in this paper not only effectively protects power devices, but also realizes heat recovery, which is of great significance.
The total power of the system is set to a constant, assume that water of mass m 1 (at temperature T 2 ) in the steam generator is heated to 100 • C as water vapor in time t, the total energy consumed by the system during this period is Q, including the energy consumed by the steam generator Q 1 , the heat generated by the frequency convertor Q 2 , and the internal energy Q 3 consumed elsewhere. Thus, according to the energy conservation law:
In fact, due to the work complexity of the steam generator, it is difficult to calculate Q 1 , Q 2 , and Q 3 accurately. Theoretically,
In right of equation (2), the first part refers to absorbed energy for water from T 2 to 100 • C, and Q * means heat of evaporation.
When the system is running stably, the heat produced by the frequency convertor is transferred to the water tank through the cooling system partially, because part of the heat is transferred to the environment (T 4 ) through the water tank, cold plates and water pipes in the forms of heat radiation and heat convection. The steam generator pumped the water in cooling tank and new cool industrial water flows into cooling tank periodically, it leads to fluctuation of the temperature (T) of the water in cooling tank between T 2 and T 3 .
In right of equation (3), the first part refers to energy increment for water in cooling tank, the second part means radiated energy dissipation of tank, Q else means other energy dissipation caused by water pipes and power devices itself etc. The h c in Equation (3) is defined as the convection coefficient of the water tank, and T 4 is the ambient temperature. In the same set of experiments, T 4 will be a fixed value. Along with the temperature fluctuation of cooling water, the temperature of the IGBT fluctuates within a certain range. Here, we can discuss the relationship between Q 1 and Q 2 from the perspective of electrical energy consumption, for simplify calculations, an equivalent circuit for Fig. 1 is established as Fig. 4 , and equation (4) is established based on it. Considering that the internal resistance R IGBT of the IGBT and the resistance R Load of the load changed with temperature, the variable n in Equation (4) represents the relationship of R IGBT / R Load with temperature, and n is a quantity that varies with temperature, which can be calculated according to the datasheet or test data.
where U represents the voltage at the load terminal, and I represents the current in the main circuit, IGBT's H-bridge arm works alternately. From equation (4), Q 1 is obtained as equation (5), it indicates that the contribution of Q 2 for Q 1 is uncertain.
Combining with Equations (2), (3) and (5), equation (6) is obtained.
For our application, two goals are expected to achieve: (1) to keep T 2 at a controllable value so that the acceptable cooling effect is achieved for frequency convertor; (2) to improve the proportion of Q 2 for Q 1 . Equation (6) indicates that there are many factors which affect the temperature of the cooling water T 2 , it must meet the operating temperature requirements of key components of frequency converter such as IGBTs, and the T 2 can be limited to some acceptable range by adjusting C, m 1 , t, A, and so on. Later we will establish a system of thermal resistance equivalent model to analyze the influences of them. In addition, the multiobjective optimization (abbr. MOP) method can be used to optimize the design of the cooling system so that it not only limits the temperature of the water tank to a certain range, but also maximizes the recovery of thermal energy.
III. NUMERICAL SIMULATION ANALYSIS
According to the structural design of the cold system of the inverter device, a mathematical model is established for the cooling system, and the rationality of the layout of the watercooling scheme is verified by simulation. Table 2 shows the parameter settings of the simulation model [20] , [21] . The surface temperature distribution diagram of the cold plate power device is shown in Fig. 5 (a) , and the cold plate intermediate section temperature distribution cloud diagram is shown in Fig. 5 (b) , when the cooling water is constant at 26 • C, this cooling system can satisfy the heat dissipation requirements of the inverter which keeps the temperature of IGBTs under 60 • C [22] , of course lower is better.
However, the temperature of the cooling water will not be constant at 26 • C (generally belonging to an upper and lower limit distribution range). If the heat energy is carried away by the cooling system, the power device cannot be dissipated in time, the temperature of the water tank will rise.
Assume that the physical properties of the fluid (λ, ρ, c p , ν) and other parameters are constant, according to the Newtonian cooling formula [23] :
As the temperature of the cooling water rises, the performance of the cooling system decreases, causing the temperature of critical components such as IGBTs and diodes to rise, which will reduce the performance and shorten life of critical devices. Therefore, the temperature rise of the cooling water is also an important factor to consider in the cooling scheme.
The temperature of cooling water was set to 45 • C, and the results are shown in Fig. 6 . The surface temperature of each key device increased linearly with the temperature rise of the cooling water, and the highest point temperature reached 57 • C, which would be dangerous.
IV. NUMERICAL CALCULATION OF CALORIFIC VALUE
The thermal resistance equivalent network is established to analyze the thermal resistance of the heat dissipation system, and the heat loss generated by the inverter is equivalent to the current source, and the temperature difference is equivalent to the potential difference, the thermal impedance of each part is expressed in the form of resistance. R1 and R2 are the absorption resistances connected in parallel between the G and E poles of the IGBT. Fig. 7 is the thermal resistance equivalent network model [24] .
In the thermal resistance equivalent network shown in FIG. 7 , the thermal energy generated by the heat source is transmitted ( ) to the environment (T a ) through various paths, in which the thermal impedance is defined with R, and the temperature of some of the points can be measured, such as: the shell's temperature of IGBT modules (T cv ) and rectifier bridge module (T cd ), the surface temperature of the cooled plate (T h ), water temperature in the tank (T w ), etc.
Equation (8) shows the relationship between the thermal resistance R and the thermal flux and the temperature rise T. According to the datasheet of the component or the experimental test, the thermal resistance and the thermal flux of each part can be obtained, thereby calculating the temperature T of each point [25] , [26] .
According to the thermal resistance equivalent network shown in Equation (8), Fig. 7 , and the temperature of the test point, the junction temperature of the key devices can be obtained by Kirchhoff's law:
Taking IGBT module as an example, the value of warning temperature can be determined with the thermal resistance equivalent network's help. The structure of IGBT as a semiconductor is very sensitive to temperature, and the maximum heat resisting temperature of the internal PN section is generally 150 • C, thus, a warning temperature need to be set and some margin need to be left. Taking the IGBT module GPU200HF120D2 as an example, the total heat loss of the module in the 50KW class steam generator is 700W, and the heat loss of a single IGBT is about 300W. According to the GPU200HF120D2 data manual, the junction-to-case thermal resistance of the IGBT is 0.29 • C/W. According to the relationship between thermal resistance (R) and thermal flux ( ) and temperature rise ( T), there should be a transition temperature of 87 • C between the junction and case. Leaving a certain margin, so it is appropriate to set the warning temperature to 60 • C.
V. EXPERIMENTAL RESEARCH
Taking the 50KW class medium frequency induction heating steam generator as the experimental object, a cooling scheme was designed for the frequency converter, and the comparison tests were carried out before and after the application of the cooling scheme. The experimental setup is shown in Fig. 8 . The inverter circuit is built with GPU200HF120D2 module, the rectifier circuit is built with MDS300A1600V module, and the temperature of each monitoring point is collected by a thermocouple. Table 3 is part of the parameters of the experimental device. In addition, an axial fan is provided on the inverter case as a redundant design for air cooling, it just starts when controller receives overheat alarm. Fig. 9 and Fig. 10 show the comparison test results with no replacement of cooling water and replacement of cooling water at 27 • C, 50KW, and 25L, where (a) is the temperature of the cooling water tank, and (b) is the temperature of the IGBT (the same below).
For the results shown in Fig. 9 , the industrial water is supplied directly to the steam generator, and a separate closed loop is formed between the cooling water tank and the cold plate. As shown in Fig. 9 , once the inverter runs, the temperature of the cooling water is continuously increased, the heat dissipation system cannot meet the demand of the inverter, and the temperature of the IGBT is continuously increased, eventually exceeding 60 • C. Fig. 10 gives the test results using the thermal energy recovery scheme shown in Fig. 3 . It shows that after the system works stably, the temperature of the water in tank oscillates constantly, the temperature of the IGBTs oscillate continually either. This oscillation makes the temperature of the IGBT below 60 • C. Therefore, the steam generator obtains hot water as supplemental water, thus, energy savings and increased steam generator production rates achieved. In order to evaluate the effect of heat energy recovery, we calculate the heat recovery rate, which is defined as formula 10:
Based on equation (3), heat energy radiated and energy increment of cooling water tank can be calculated, related parameters and calculated results are listed in table 4. The heat recovery rate 67.55%∼70.58% indicates that the heat recovery scheme is effective, although this ratio does not seem to be high enough, but it will be improved when we do thermal insulation on the tank. Furthermore, in order to verify the adaptability of the system, comparison tests were carried out on the three factors with steam generator total power P, ambient temperature T, and total cooling water M, and its influence on system stability is analyzed. Fig. 10 and Fig. 11 show the comparison results of the environment temperature. The environment temperature's difference is 10 • C. Comparing the test results of Fig. 10 with Fig. 11 , the temperature waveforms of the cooling water and IGBT are similar in the two experiments. It began to stabilize, but there was a peak difference of 11 • C with an error of less than 5%, which was consistent with the Newtonian cooling formula. Fig. 11 and Fig. 12 are comparative test results of the total amount of cooling water. Compared with the experimental conditions shown in Fig. 11 , the total amount of cooling water in the experimental conditions of Fig. 12 is increased by 3 L compared with Fig. 11 , the contact area between the cooling water and the water tank will increased, and the heat dissipation rate of the water tank will increase. According to the experimental results, after the heat dissipation capacity of the water tank increases, the temperature of the cooling water and the IGBT rose more slowly. After the stabilization, the peak value of the cooling water temperature in Fig. 12 is 4 • C lowers than that of Fig. 11 , and the temperature peak value of the IGBT's shell is 2 • C lowers than that of Fig. 11 . Fig. 11 and Fig. 13 show the comparison results of the total power of the system. In the experimental conditions of Fig. 13 , the total power of the system is reduced by 50% compared with Fig. 11 . According to the comparison of the experimental results, after the total power of the system is reduced by 50%, the water filling interval of steam generator is two times as much as the original. After the system stabilization, the cooling water temperature peak is reduced by 4 • C, and the IGBT shell temperature peak is reduced by 7 • C.
VI. CONCLUSION
Based on the statistics of the four experimental results of the improved system, the energy saving of the system under different conditions is analyzed. According to the statistical results shown in Table 5 , the system can save energy by 3.38%−4.25% under the following four conditions, so the system has certain adaptability.
Based on the analysis of the heat loss of the frequency converter and numerical simulation, a heat dissipation scheme that can control the temperature rise of the cooling water is proposed for medium-frequency electron magnetic induction steam generator system. At the same time, the design is optimized in energy recovery and speed up the production rate of the steam generator. The correctness of the simulation and theory is verified by experiments. Moreover, this design reserves the axial flow fan port as the air-cooling redundant design (even though we didn't use it in out tests), in the future, it offers the possibility of combining the air cooling and the liquid cooling, further optimizing the elements that affect the heat dissipation coefficient of the system, and maximizing the energy saving ratio.
1) The numerical simulation method is used to verify that the performance of the cooling system under different temperature of cooling water;
2) It is verified by the tests under the conditions of 50KW and 25KW that the cooling system has good adaptability under different total power conditions;
3)
The tests under the conditions of the ambient temperature of 27 • C and 17 • C show that the cooling system can work normally under different ambient temperatures; 4) By setting different total amount of cooling water, the influence for peak value of cooling water, as well as the recovery and utilization of heat energy is analyzed. The increase of the total amount of cooling water will lead to the decrease of peak value of cooling water temperature and heat recovery. 5) For the system adopted cooling scheme provided above, the recovery energy utilization rate is 67.55%∼70.58%, which will obtain 3.38%−4.25% of the energy saving to generate steam. A typical application in our cooperative enterprise, its daily production power is 600KW, about 210,000 kWh of electricity can be saved per year after using the scheme propose in this paper.
